Introduction {#Sec1}
============

Metamaterial absorbers (MAs), a new type of artificial materials, have been widely investigated in recent years due to the electromagnetic (EM) properties which are absent in traditional materials^[@CR1],[@CR2]^. The properties are used to realize some new physical functions like negative refraction index^[@CR3]^, perfect lensing^[@CR4]^, bolometers^[@CR5]^, and PIT effect^[@CR6]--[@CR11]^, which are caused by sub-wavelength metallic resonators. Landy *et al*.^[@CR12]^ demonstrated that the overall dimensions of MA can be designed to offer perfect absorption at microwave frequencies owing to the matched impedance to free space. Since then, lots of devices^[@CR13]--[@CR16]^ have been proposed and studied from the microwave^[@CR17]^ to terahertz^[@CR18]^ regions in order to obtain perfect absorption^[@CR19]^, polarization-insensitive^[@CR20]^, wide angle^[@CR21]^ and tunability^[@CR22]^. The single-band high absorption is unsuitable in practical applications^[@CR23]^. Hence different methods have been proposed to induce a multi-band absorption, such as loading lumped elements^[@CR24]^, introducing the asymmetric structure^[@CR25]^, and using two circular rings with different radius^[@CR26]^. Recently, using hybrid materials in the different layers is another way to realize the broadband or multiband absorption at THz regions. For example, Ling *et al*.^[@CR27]^ designed a broadband polarization-insensitive MA based on hybrid materials (SiO~2~ and metal) in the middle layer, which induces a high absorption from 60.5 to 115.5 THz. Zhou *et al*.^[@CR28]^ reported a two-dimensional (2D) absorber using Si~3~N~4~ and Al, and exhibiting a perfect absorption over the whole visible region. However, these structures are suffered from some challenges as follows: (i) the tunability is obtained only by reconstructing the geometric structure, which is inappropriate for making the tunable devices^[@CR29],[@CR30]^. (ii) The increased thickness is occurred when the hybrid materials are used to make broadband MA. Therefore a more straightforward and convenient strategy should be developed to guide the design of tunable MAs with a thinner thickness.

Graphene has attracted worldwide interests as a promising platform for building perfect tunable MAs due to its unique properties as follows^[@CR31]^: (i) its electric conductivity can be continuously tuned in a broad frequency range, (ii) the electrical tunability of graphene enables fast reflection or absorption modulation, (iii) graphene is a two-dimensional material, which makes it more suitable for planar structure, (iiii) graphene consists of one monolayer of carbon atoms, which means the thickness of the MA composed of graphene is thinner than that composed of the metal. Recently, lots of multi-band graphene-based MAs have been proposed^[@CR32]--[@CR35]^. However, a broadband high absorption is not obtained in the graphene-based devices.

In this paper, a tunable graphene-based MA is proposed numerically and theoretically to realize the broadband absorption at mid-infrared regions. This absorber consists of three layers: a Jerusalem cross (JC) metal, which is embedded into the slot graphene plane at the top layer, a dielectric spacer, and the bottom gold film. The results show that a broad bandwidth of 11.7 THz with absorption over 90% is obtained due to the coupling effect between metal and graphene, and the origin of this effect is explained by using the two-mode waveguide coupling theory. The graphene's Fermi energy can be dynamically tuned via changing the external gate voltage to realize the tunability of MA. Furthermore the proposed system has the advantage of high absorption for permittivity sensing application. Therefore this MA may find its potential applications in sensors and infrared absorbers.

Structure and Simulation {#Sec2}
========================

The unit cell of the MA is shown in Fig. [1](#Fig1){ref-type="fig"}. The first layer is composed of a square graphene film array and then patterned into the JC slot by photo-etching. Subsequently a JC metal is employed to be embedded into this slot. This layer is used to induce the broadband high absorption. The second layer is a slab made of dielectric spacer, which has a relative permittivity of 3.5 and a loss tangent of 0.057^[@CR36]^. The third layer is metal plate, which is placed at the backside of dielectric layer and acting as an electrode for biasing the graphene layer as shown in Fig. [1(b)](#Fig1){ref-type="fig"}. The metal is set as gold with the electric conductivity of *σ* = 4.09 × 10^7^ S/m. The optimized parameters of the unit cell are listed as follows: *p* = 3 μm, *w* = 0.25 μm, *g* = 0.05 μm, *l*~1~ = 1.25 μm, *l*~2~ = 2.35 μm, *t*~1~ = *t*~2~ = *t*~3~ = 0.1 μm. Our results are obtained through a full wave EM simulation based on finite integration technique (FIT) and finite element method (FEM) owing to their accuracy in results and its suitability for the study of high frequency and three-dimensional EM structures^[@CR37]--[@CR39]^. In the *x*- and *y*- directions, the unit cell boundary conditions are utilized, and open space boundary conditions are applied in the *z*-direction. When the incident wave is vertical to the upper surface of the MA, the absorption *A* is obtained from the S-parameters by *A* = 1 − \|*S*~21~\|^2^ − \|*S*~11~\|^2^, where *S*~11~ is the reflection coefficient and *S*~21~ is the transmission coefficient. Due to the thickness of the gold is much larger than its skin depth, the transmission coefficient *S*~21~ = 0. Therefore the expression can be simplified as *A* = 1 − \|*S*~11~\|2.Figure 1The unit cell of the proposed MA: (**a**) front view (**b**) perspective view (**c**) bottom view;

The complex surface conductivity of graphene (0.5 nm in thickness) can be calculated from the Kubo formula and is described with interband and intraband contributions as^[@CR40]^:$$\documentclass[12pt]{minimal}
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According to the transmission line theory, an equivalent circuit model (ECM) is presented in Fig. [2(a)](#Fig2){ref-type="fig"}. In the circuit model, the bottom metal can be regarded as a short transmission line. *Z*~t2~ is the surface impedance of dielectric spacer. The top patterned metal array can be modelled by *R*-*L*-*C* circuit network. The resistance *R* and inductance *L* are induced by the metal, meanwhile capacitance *C* is caused by the gaps between the metal. But in the THz regime, the influence of *R* can be ignored. In Fig. [2(b)](#Fig2){ref-type="fig"}, both the sheet impedances of the graphene and metamaterial can be regarded as *Z*~*g*~ and *Z*~*m*~, respectively. The input surface impedance of dielectric spacer *Z*~1~ can be shown as follows:$$\documentclass[12pt]{minimal}
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Results and Discussion {#Sec3}
======================

Figure [3(a)](#Fig3){ref-type="fig"} shows the absorption and reflection curves of the proposed MA under normal incidence with a fixed Fermi energy of 0.4 eV. The absorption over 90% can be achieved in the range of 82.3 to 94.0 THz. Also there is no obvious difference between transverse electric (TE) and transverse magnetic (TM) polarization wave due to the symmetric structure. In Fig. [3(b)](#Fig3){ref-type="fig"}, we can see that the absorption curve of theoretical results are in good agreement with that of simulation data, and demonstrating the most-used ECM^[@CR44]^ is accurate in the proposed MA. We see that there is also a good spectral overlap between the FIT and FEM simulation curves, which can further confirm the validity of our numerical results. The absorption curves of three comparison absorber are shown in black line (structure 1, JC metal + dielectric spacer + gold ground plate), red line (structure 2, slot graphene layer + dielectric spacer + gold ground plate) and blue line (structure 3, JC metal + continuous graphene layer + dielectric spacer + gold ground plate) in Fig. [3(c)](#Fig3){ref-type="fig"}, respectively. It is found that the structure 1 shows only one resonance peak with the relatively low absorption efficiency of 81.6% at 105.16 THz, and a dual band absorber can be easily obtained by using the structure 2. The absorption bandwidth of the structure 3 is still narrow as compared with that of the proposed structure. So the high absorption is caused by the coupling effect between the slot graphene and JC metal. Then the total input impedance of the MA is discussed. The impedance of MA (*Z*~m~) and dielectric spacer (*Z*~1~) are considered as a whole and shown by *Z*~m1~. Under this assumption, the expression of total input impedance (*Z*~in~) can be changed as follows:$$\documentclass[12pt]{minimal}
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The relative impedance of the proposed MA (*Z* = *Z*~in~/*Z*~0~) is shown in Fig. [3(d)](#Fig3){ref-type="fig"}. We can find that the real part is near unity (Re(*Z*) = 1), and the imaginary part comes to zero (Im(*Z*) = 0) at the resonant points *f*~1~ = 84.2 THz and *f*~2~ = 91.2 GHz. Therefore at these two resonance points, the total input impedance of the MA (*Z*~in~) is matched to the air impedance (*Z*~0~), and results in the high absorption in the absorber, while the real and imaginary parts fluctuate intensively in the frequency range of 105.9 to 130.0 THz, and yielding a relatively low absorption coefficient.

In order to interpret the absorption mechanism of the MA, we investigate the electric field distributions for normal incidence at 84.2 THz and 91.2 THz. In Fig. [4(a~1~) and (a~2~)](#Fig4){ref-type="fig"}, for TE polarized wave, it can be seen that the electric field mainly distributes on the edge of the JC metal and slot graphene layer, which means that the electric field is resonantly localized and concentrated at some part of the MA at low resonance point. And at high frequency, the electric field is resonantly localized and concentrated at some part of the metal and graphene. The corresponding z-component electric field distributions are shown in Fig. [4(b~1~) and (b~2~)](#Fig4){ref-type="fig"}, which demonstrates that the opposite surface charges mainly distribute at the gap between the metal and slot graphene layer. With the frequency increases, the localized electric field moves to the surface of metal and some part of slot graphene layer, and the strength in the gap is stronger than that of the other areas. The analysis of the electric field distributions for TM is similar to that in TE mode (as shown in Fig. [4(c~1~,c~2~,d~1~,d~2~)](#Fig4){ref-type="fig"}, which can be regarded as that in TE mode when the MA is rotated 90° around the *z*- direction.Figure 4The distributions of the electric field (\|E\|) and real (Ez) at the resonance points.

Then the surface current distributions of the MA at resonant peaks are shown in Fig. [5](#Fig5){ref-type="fig"}. Figure [5(a~1~,a~2~,b~1~,b~2~)](#Fig5){ref-type="fig"} show the surface current distributions on top and bottom layer under TE polarized wave, respectively. It is clearly observed that the surface currents on the top layer mainly flow along the direction of arrows, and on the bottom layer that is in the opposite direction. Therefore the anti-parallel surface currents form an equivalent current loop, which can exhibit magnetic dipole resonance under normal incidence. Meanwhile some surface currents in the top layer are parallel to that in bottom layer at some part of the absorber, and inducing the electric resonance. In Fig. [5(c~1~,c~2~,d~1~,d~2~)](#Fig5){ref-type="fig"}, for the TM wave, the surface current distributions on the top and bottom layer are also similar to that in TE polarized wave. So the electric and magnetic resonances excite the high absorption at resonance points. This is another important factor in the whole absorption process.Figure 5The distributions of surface currents on the top and bottom layer at the resonance points.

In order to gain more physical insight into the origin of the coupling effect between the metal and graphene, the power loss density distributions for metal and graphene at resonance points are shown in Fig. [6](#Fig6){ref-type="fig"}. Figure [6(a~1~) and (a~2~)](#Fig6){ref-type="fig"} show the power loss density distributions in the JC metal for TE polarized wave. We can see that the power loss density distributes on the edge of metal, which can be also found in the Fig. [4](#Fig4){ref-type="fig"}. Figure [6(b~1~,b~2~)](#Fig6){ref-type="fig"} show the power loss density distributions in the slot graphene layer under normal incidence. It is found that the distributions of power loss density mainly concentrate on the left and right sides of the slot graphene layer. The strength of the power loss destiny is further enhanced by using the hybrid material in the top layer as shown in Fig. [6(c~1~,c~2~)](#Fig6){ref-type="fig"}. So the high absorption over 90% can be obtained in the proposed MA at the resonance points due to the coupling effect between the metal and graphene. For TM polarized wave, the power loss distributions are similar to that in TE polarized wave, as shown in Fig. [6(d~1~)--(f~2~)](#Fig6){ref-type="fig"}.Figure 6The power loss density distributions in the metal, graphene layer and proposed MA at the resonance points.

The classical "two-mode waveguide coupling" model is used to explain the coupling effect. Based on the above discussion, the metal and graphene can be modeled as two waveguides, and satisfy the following coupled equations^[@CR45]^:$$\documentclass[12pt]{minimal}
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Figure [8(a)](#Fig8){ref-type="fig"} shows the absorption spectrum of MA with different Fermi energies under normal incidence. Graphene's Fermi energies are set as 0.2 eV, 0.3 eV, 0.4 eV, 0.5 eV and 0.6 eV, respectively. It is seen that the position of the absorption peaks can be easily tuned by modifying the graphene's Fermi energy, and with the Fermi energy increases, the resonant frequency is blue shifting. When the Fermi energy is 0.2 eV, the resonant frequency is located at 85.2 THz, and with the Fermi energy increases to be 0.6 eV, the corresponding resonant frequency is located at 93.6 THz. In addition, the high absorption over 90% will be maintained in the investigated frequency range. So the tunability of MA is realized via manipulating the Fermi energy of graphene layer through controlling external gate voltage instead of reconstructing or re-optimizing the geometry. Then the carrier mobility *μ* of the graphene layer is investigated because it is susceptible to the interface problem. Figure [8(b)](#Fig8){ref-type="fig"} shows the absorption spectrum with different carrier mobility. It is seen that with the carrier mobility decreases, the absorption notches become broader. The reason is that the lower mobility *μ* is, the lower intrinsic quality factor is^[@CR46]^. Figure [8(c) and (d)](#Fig8){ref-type="fig"} show the calculated real and imaginary part of the surface impedance *Z*~g~ with different Fermi Level *E*~*f*~, respectively. It is found that the imaginary part of the *Z*~g~ continuously decreases with *E*~f~ increases and the real part of *Z*~g~ keeps constant when the frequency increases.Figure 8(**a**) The absorption curves of the proposed MA for (**a**) different Fermi energies under normal incidence and (**b**) different carrier mobility *μ*. Real part (**c**) and imaginary part (**d**) of *Z*~g~ versus frequency for different Fermi energies *E*~f~.

When graphene is placed in the vicinity of a metamaterial resonator, it will perturb the resonator. The change of the resonant angular frequency is given by^[@CR47]^$$\documentclass[12pt]{minimal}
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Generally the sensitivity of permittivity sensors depends critically on the fact that the variation of permittivity of analyte medium can bring about the change in position of the 80% absorption point^[@CR48]^. In Fig. [9(a)](#Fig9){ref-type="fig"}, a 0.1-μm-thick analyte layer (purple part) with different permittivity (*ε*) varying from two to ten is placed onto the surface of graphene layer to fulfill this criterion. The corresponding absorption curves are shown in Fig. [9(b)](#Fig9){ref-type="fig"}. We can see that the absorption bandwidth became narrow and the 80% absorption peak is red shifting as the permittivity values increases from two to ten. To investigate the sensitivity of the proposed MA, the relation curve between the frequency shift and different permittivity is shown in Fig. [9(c)](#Fig9){ref-type="fig"}. By calculating the fitting curve, the peak frequency of 80% absorption increases linearly with the permittivity increases, indicating that the proposed MA can be used for permittivity sensing application.Figure 9(**a**) The schematic of the structure for sensing application (purple part represents the analyte medium with the thickness of 0.1 μm). (**b**) The absorption curves of different permittivity analyte medium. (**c**) Simulated data and fitting curve.

We give a systematic comparison with the previous reported results in refs^[@CR48]^ and^[@CR49]^. The differences are summarized as follows: Firstly, the absorption efficiency of Fano-resonant metamaterials for the plasmonics-induced transparency (PIT) application is low, which limits the possibility of high absorption in MA, while the proposed structure is achieved and maintained this by using the tri-layer graphene-based MA. Secondly, the PIT is formed when the asymmetric structure is introduced into the system, while the proposed MA is a symmetric structure, which is simpler in experimental design. Thirdly, although the Fano-resonant graphene-based metamaterials have much higher qualify factor, the proposed system obtains the broadband high absorption and can be used to meet the requirement of perfect absorption in PIT devices.

Conclusions {#Sec4}
===========

In summary, a tunable broadband graphene-based MA has been proposed numerically and theoretically at mid-infrared regions. Compared with the previously reported multiband graphene-based MAs, the proposed MA can obtain a broadband high absorption in the range of 82.3 to 94.0 THz via embedding JC metal into slot graphene layer, which is caused by the coupling effect between the metal and graphene, and this coupling effect is explained by two-mode waveguide coupling theory. The tunability of MA is obtained by manipulating the Fermi energy of the graphene layer through controlling external gate voltage instead of re-constructing the geometric structure. The ECM, distributions of electric field, surface current and power loss density are applied to explain the absorption mechanism. Further results show that the proposed MA can be used as a permittivity sensor. Therefore the proposed MA can find its potential applications in sensors and infrared absorbers.
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